The envelope glycoprotein (E) of West Nile virus (WNV) undergoes a conformational rearrangement triggered by low pH that results in a class II fusion event required for viral entry. Herein we present the 3.0-Å crystal structure of the ectodomain of WNV E, which reveals insights into the flavivirus life cycle. We found that WNV E adopts a three-domain architecture that is shared by the E proteins from dengue and tick-borne encephalitis viruses and forms a rod-shaped configuration similar to that observed in immature flavivirus particles. Interestingly, the single N-linked glycosylation site on WNV E is displaced by a novel ␣-helix, which could potentially alter lectin-mediated attachment. The localization of histidines within the hinge regions of E implicates these residues in pH-induced conformational transitions. Most strikingly, the WNV E ectodomain crystallized as a monomer, in contrast to other flavivirus E proteins, which have crystallized as antiparallel dimers. WNV E assembles in a crystalline lattice of perpendicular molecules, with the fusion loop of one E protein buried in a hydrophobic pocket at the DI-DIII interface of another. Dimeric E proteins pack their fusion loops into analogous pockets at the dimer interface. We speculate that E proteins could pivot around the fusion loop-pocket junction, allowing virion conformational transitions while minimizing fusion loop exposure.
West Nile virus (WNV), a member of the Flavivirus genus, is closely related to several arthropod-borne human pathogens, including Japanese encephalitis virus, St. Louis encephalitis virus, Yellow fever virus, Dengue virus (DENV), and Tick-borne encephalitis virus (TBEV)
. Endemic to parts of Africa, Asia, Europe, and the Middle East, WNV has recently spread to the Western Hemisphere (38) . The virus cycles enzootically between birds and mosquitoes but can infect mammals, including humans. Most human infections are asymptomatic or mild, but in a small subset of individuals the infection develops into a severe neuroinvasive disease (18) . Treatment for WNV infection is supportive, as there is currently no vaccine or specific therapy for use in humans (15) .
The WNV genome encodes 10 proteins, including three structural (capsid, premembrane [prM] , and envelope [E] ) and seven nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins. These are translated as a single polypeptide, which is subsequently cleaved by viral and cellular proteases (6) . The initial step toward virion generation occurs when the 11-kb positive-strand RNA genome, in complex with capsid protein, buds through the endoplasmic reticulum membrane. A lipid envelope coats the nascent flavivirus particles and contains 180 molecules each of E and prM organized into 60 asymmetric trimeric spikes consisting of prM-E heterodimers (45, 46) . At the apices of the spikes, prM caps the fusion loop of E (34), presumably to prevent premature fusion as the virus passes through the acidic secretory pathway (19) . A furin-catalyzed membrane-proximal cleavage releases the Nterminal prepeptide from prM (39, 44) , initiating the transition from immature to mature virion.
Formation of the mature virion requires structural rearrangement of the E proteins from trimeric prM-E heterodimers into homodimeric rafts that smoothly cover the lipid membrane with quasi-icosahedral symmetry (22, 28) . The smooth, 500-Å-diameter surface of the mature flavivirus differs from those of many other viruses (e.g., influenza virus, human immunodeficiency virus, and alphaviruses), as it lacks spikes or protrusions. Although the structure of M remains unknown, structures for mature E as a soluble ectodomain from TBEV (33) and DENV have been determined (25, 27, 46) . Each displays the same three-domain architecture. The central ␤-barrel consisting of eight strands defines domain I (DI), an elongated domain containing the 13-residue fusion loop at one end defines domain II (DII) (1) , and the opposite end adopts an immunoglobulin (Ig)-like fold and is referred to as domain III (DIII).
The relative orientations between the three domains vary in different E structures and change during the life cycle of the virus (46) . In the structures of the mature form, the hinge between DI and DII is the most variable, with the angle DII adopts ranging across ϳ20° (46) , whereas the DI-to-DIII hinge appears to be more consistent. The postfusion structures of TBEV E and DENV type 2 (DENV-2) E reveal additional domain movements that are likely necessary for virus fusion, including the rotation and movement of DIII 33 to 36 Å toward the fusion loop (5, 26) .
To understand the structural basis for the distinct tropism and pathogenesis of WNV compared to those of DENV and TBEV, we determined the X-ray crystal structure of the WNV E ectodomain. Interestingly, WNV E crystallizes as a monomer with domain orientations resembling those of E in the immature particle. We propose that our structure illus-
RESULTS

Structure of West Nile virus E protein.
Recombinant, soluble E lacking the C-terminal cytoplasmic, transmembrane, and membrane-proximal 100 amino acids was produced in insect cells. WNV E crystallized in space group P4 1 2 1 2, with one molecule per asymmetric unit. Phasing was determined by molecular replacement using DIII of WNV E (PDB accession code 1ZTX) and DI and DII of DENV-2 E (1OKE). The structure was built and refined at a resolution of 3.0 Å to generate a final model (Fig. 1A) that includes residues 1 to 400 of E, with an R cryst of 26.1% and an R free of 30.7% (Table 1) .
WNV E has a three-domain structure similar to that of TBEV, DENV-2, and DENV-3 (37 to 44% sequence identity and a root mean square deviation [RMSD] for C␣ atoms of 2.7 to 3.5 Å). Domain I is an eight-stranded ␤-barrel in the center portion of the protein and is comprised of 127 amino acids (residues 1 to 51, 134 to 195, and 284 to 297) (Fig. 1A) . DII, which is responsible for generating the majority of contacts in the DENV and TBEV dimers, consists of 170 residues inserted into DI (residues 52 to 133 and 196 to 283). The distal end of DII contains the putative fusion loop (residues 98 to 110), a conserved glycine-rich, hydrophobic sequence that appears necessary for flaviviral fusion (34) . DIII is an Ig-like domain with seven ␤-strands and is similar in structure to DIII bound to the E16 Fab (29) (backbone RMSD, 0.9 Å; RMSD for all atoms, 1.5 Å) but distinct from the previously published nuclear magnetic resonance structure (43) (backbone RMSD, 2.3 Å; RMSD for all atoms, 3.8 Å). Comparing the structure of DIII in the context of the full ectodomain with the structure in complex with E16, the most significant difference between these structures lies in the DI-DIII linker regions. In the ectodomain, Tyr 302 is tucked down alongside DIII, as in DENV and TBEV, not pointed toward the exterior of the virus as in the E16 complex (29) .
Relative domain orientations. The structure of WNV E highlights the variability of domain orientations among the E proteins from WNV, DENV, and TBEV (Fig. 2) . Previous crystallographic analyses of DENV and TBEV E proteins revealed a continuum of conformations at the DI-DII hinge in E (46) . WNV E appears distinct from the other E structures, with a nearly 8°rotation at the DI-DII hinge region from the most similar mature crystal structure of DENV-3 E (1UZG). When the WNV E monomer is superimposed onto each DIII of the DENV-2 E dimer, this rotation results in splaying of DII from the dimer partner and the loss of numerous dimer contacts. WNV E is more similar in conformation to the immature virus E (1P58) revealed by cryo-electron microscopy (cryo-EM) (Ͻ5°rotation) than to the mature virus E (1TGE) (15°rota-tion) (Fig. 2) . 
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Oligomeric state of WNV E. Application of the tetragonal crystal symmetry operators did not create the dimer packing anticipated by previous flavivirus structures (25, 27, 33, 46) , even though WNV E crystallized under similar conditions to those for DENV-2 E (11% PEG 8000, 1 M sodium formate, 20% glycerol, and 0.1 M HEPES [pH 8.0]) (25) and TBEV E (ϳ15% PEG 4000, 0.1 M Tris-HCl [pH 8.5], 0.2 M lithium sulfate) (33) . To form the tetragonal crystal lattice, there are three areas connecting symmetry-related E proteins (fusion loop-fusion loop pocket, DI-DI, and DIII-DI). These contacts display significantly less buried surface area than most physiological protein-protein interactions (250, 380, and 500 Å 2 per monomer), especially compared to the DENV-2 E protein dimer, which has 1,950 Å 2 of buried surface area per monomer (26) . Size-exclusion chromatography supports the difference between the oligomeric states of WNV and DENV-2 E proteins seen in the crystal structures. Although DENV-2 E elutes with an observed molecular weight close to that of a dimer, WNV E injected at a higher concentration has a much lower apparent molecular weight (Fig. 3) . Interestingly, dynamic light scattering experiments performed at a high concentration of WNV E (ϳ4 mg/ml) under physiologic salt and pH conditions revealed a mixture of monomers and dimers (radius, 3.4 nm; estimated molecular mass, 66 kDa). Thus, depending on the conditions and the concentration, soluble WNV E can form dimers in solution, albeit with less apparent self-affinity than that exhibited by DENV-2 E. One possible explanation for the predominance of monomers over dimers in our studies is that WNV E has unique dimer contact residues compared to those for DENV or TBEV E. A comparison of available flavivirus E dimer structures revealed the use of similar conserved residues to generate the dimer interface (Fig. 1B and C) . For WNV E, no region with extensive contacts was deleted, and high degrees of sequence identity and conservation were more than maintained (41% overall ectodomain identity, 49% identity at dimer contact residues). For example, the fusion loop residues and the equivalent contact residues along DII are all highly conserved (Fig.  1C) . Examination of the structure also did not identify protruding bulges or patches along the interface regions that could create a steric hindrance. In the context of the virion, which has a high effective E protein concentration, we expect WNV E to be predominantly a dimer, as observed in the cryo-EM structure (28) . The association strength may vary among different flaviviruses and could contribute to the relative stability of the virion, especially in the setting of elements that induce conformational changes (e.g., pH or furin cleavage of prM).
Fusion loop packing. Previous crystal structures showed that flavivirus E proteins form dimers by packing together in an antiparallel fashion. In these conventional dimers, the fusion loop nestles into a pocket at the DI-DIII interface created by the initial strand of DI, the E o -F o loop of DI, and the A-B loop of DIII (Fig. 4A) . Strikingly, within the contacts of the tetragonal crystal lattice, WNV E buries its fusion loop into the very same pocket region. However, for WNV E, the contacting E proteins are oriented perpendicular to one another (Fig. 4A) . Despite the radically different engagement, the fusion loop still contacts the initial strand of DI and the A-B loop of DIII, although it loses contact with the E o -F o loop of DI. Seven of 14 fusion loop contacts from the DENV-2 E dimer are observed in WNV E (WNV E residues 4, 5, 7, 316, 317, 318, and 324) (Fig. 4B) . The buried surface areas are also similar, as fusion loops from both WNV and DENV-2 E proteins bury roughly 400 Å 2 . The surprising similarity between the pockets suggests a propensity to bury both the fusion loop and pocket to shield them from solvent accessibility. The novel engagement seen in the WNV E crystal lattice suggests that the fusion loop pocket at the DI-DIII interface could act as a hydrophobic pivot in flavivirus conformational transitions.
N-linked glycosylation site. The WNV E protein has a single N-linked glycosylation site at Asn 154 ( Fig. 1 and 5A) ; this site is present in most flaviviruses but is particularly important for WNV, where it is critical for neurovirulence (3, 37) . Sequence alignments revealed that the residues surrounding the Asn 154 glycosylation are highly divergent from those of DENV and TBEV E, with a five-residue insertion surrounding the site. Interestingly, this insertion allows two turns of an ␣-helix, termed ␣AЈ, juxtaposed C-terminal to the glycosylation site. In contrast, the E proteins of DENV-2 and TBEV lack secondary structure in this region ( Fig. 5B and C) . The ␣-helix shifts the glycosylation site about 5 Å, to the exterior and lateral surfaces of E with respect to those of the E proteins of other flaviviruses. This movement may explain the electron density difference at the glycosylation site observed by cryo-EM for the WNV particle relative to the DENV-2 particle (28). It is interesting that the WNV E protein lacks the Asn 67 glycosylation (Fig. 1B) that mediates the binding of DENV to DC-SIGN (32, 42) and that WNV attachment is mediated predominantly by a related lectin, DC-SIGNR (13) .
Implications for low-pH transitions. Roussel (35) . Although generally similar, the pH of this transition varies among flaviviruses and is dependent on the lipid composition of the target membrane (40, 41) . For WNV, the pH at which this change occurs has a peak around pH 6.0 (8, 14, 21) , the same as the pK a of histidine (6.0). The WNV E protein is exposed to acidic pH during receptor-mediated endocytosis.
Comparison of the available flavivirus E structures reveals that histidines are located almost exclusively at the hinge regions responsible for the low-pH transitions (Fig. 6A) . Three histidines, i.e., His 144 , His 152 , and His 320 , are located in the cleft between DI and DIII and provide a platform for DIII (Fig. 6B) . Two other highly conserved residues, His 214 and His 285 , are positioned in proximity to the DI-DII hinge region and thus could be involved in movement around this axis. Residues His 246 and His 263 are located at the potential dimer interface; protonation of these histidines could affect the oligomeric state of E during different phases of the virus life cycle.
Another region of E that may be important in regulating fusion rearrangements lies at the DI-DII interface. Because the kl loop bound ␤-octyl glucoside (␤-OG) in the DENV-2 E structure, it was proposed that small-molecule inhibitors that intercalate in this region could block fusion. Despite repeated attempts, we did not obtain crystals in the presence of ␤-OG. The kl loop of WNV adopts a conformation similar to those in other nonliganded DENV and TBEV E structures. The lack of stable insertion of ␤-OG in our structure could be due to differences in overall E structure or secondary to the oligomeric state (i.e., monomer) of the WNV E protein structure.
DISCUSSION
The solution of the X-ray crystal structure of West Nile virus E protein allows for a direct comparison with the E proteins of DENV and TBEV, viruses with distinct pathogeneses and tropisms. First, the glycosylation site at Asn 154 , which is essential for the virulence of many flaviviruses, including WNV (4, 10, 17, 37), is uniquely located in our structure. An ␣-helical insertion C-terminal to the glycosylation site shifts the location of the sugar moiety. Carbohydrates can mediate cell attachment for flaviviruses (42) , and carbohydrate spacing and type can modulate binding affinity and specificity, even between WNV and DENV (13, 16, 24) . Thus, this change in the location of the carbohydrate may affect tropism. A previous study demonstrated reduced neurovirulence of WNV strains with Nlinked glycosylation at Asn 155 instead of Asn 154 (10) . In our structure, Asn 155 projects toward the underlying ␤-strands. Because of its location, a carbohydrate moiety at residue 155 could destabilize this region of E.
An alignment of flavivirus E structures suggests that histidines localize to regions between domains or along the dimer interface and could participate in orchestrating pH-dependent shifts. As recently speculated for SFV, an enveloped alphavirus that also undergoes class II acid-catalyzed fusion (35) , the trigger for structural transitions during the viral life cycle may be changes in the protonation of histidines, given the proximity of their pK a to the pH at which the transitions occur. The placement of conserved histidine residues within the SFV E1 protein is analogous to the structural locations of histidine residues in flaviviruses (Fig. 6A) . His 230 in the SFV E1 protein has been shown experimentally to be required for the fusion transition (11) . This histidine is structurally conserved in WNV (His 246 ) and is located at the presumptive dimer interface, suggesting that it has a common role in the function of class II fusion proteins. Additionally, although not strictly conserved in sequence, there is a similar platform of histidine residues at the interface of DI and DIII within the SFV E1 protein.
These studies highlight the similarities of class II fusion proteins and suggest a common mechanism of pH-driven structural transition.
We and others have demonstrated that DIII residues Ser 306 , Lys 307 , Thr 330 , and Thr 332 can elicit a WNV-specific neutralizing antibody response (2, 30, 36, 43) . These residues cluster to a region of E that overlaps with the epitope recognized by monoclonal antibody (MAb) E16, as revealed in the crystal structure of the DIII-E16 complex (29) . These residues are located in loops of the Ig-like fold that protrude from the virion and are proposed to be critical for receptor binding (33) . Interestingly, all tested MAbs binding this region appear to function at a postattachment stage of infection. It is possible that these MAbs inhibit the low-pH fusion transition by restraining movement of the DI-DIII linker region, which undergoes a dramatic rearrangement during the low-pH-triggered fusion event, or by directly blocking the movement of DIII (29) . The WNV E structure has a distinctly different linker residue arrangement from that found in the E16-DIII complex. In full-length WNV E, Tyr 302 lies parallel to DIII, as seen in other unbound structures, not swung upward toward the exterior of the virion as seen when bound by E16 (29) . The packing of the immature virion likely prevents adventitious fusion in the low-pH trans-Golgi apparatus. This packing also buries the DI-DIII linker region. A comparison of the E16 binding site with the E-E icosahedral lattice contacts in the immature virion shows overlap of the two binding sites. Thus, it appears that binding of this linker by an antibody or by another E protein may be associated with low-pH-triggered E protein conformational transitions.
A number of flavivirus neutralizing antibody epitopes localize near the fusion loop in DII. This is surprising considering that the fusion loop, paradoxically, is inaccessible in the mature virion structure (12) . For example, in DENV and TBEV E dimers, the fusion loops are packed tightly into the DI-DIII interface. The WNV E protein is also assembled as a homogeneous dimer within the mature virion, as determined by cryo-EM (28). However, it remains possible that at more physiologically relevant temperatures, the WNV E protein could shift between the dimeric and monomeric configurations with intermittent or sustained exposure of the fusion loop. It appears that E proteins from different flaviviruses may have distinct dimerization affinities and may thus provide differential access to occluded binding sites by neutralizing antibodies.
In our study, although WNV E crystallized as a monomer, the E protein buried its hydrophobic fusion loop into the same pocket located at the DI-DIII interface that TBEV and DENV E proteins use to dimerize (Fig. 4) . Given the multiple structural transitions in the flavivirus life cycle, it is not surprising that assembly, maturation, fusion, or some other E conformational transition may progress through monomeric intermediates. Our crystal structure of WNV E may represent one such intermediate species.
In summary, this structural analysis of the WNV E protein highlights regions of E which are critical for conformational transitions, including the DI-DIII linker, conserved histidine residues found in hinge regions, and the fusion loop. Evidence is building that conformational transitions in the life cycle of a flavivirus could be targets for inhibition by antibodies (29) , small-molecule inhibitors (25) , or portions of the E protein itself (23) . Our investigations point to additional regions of the E protein that may be amenable to blockade. For example, the DI-DIII linker appears to be important in the fusion transition and in the transition from immature to mature viral particles. The fusion loop-pocket likely contributes to the stability of the dimer; therefore, targeting it may increase the availability of a neutralizing antibody epitope. Collectively, these and other structural studies are beginning to provide a clearer view of the conformational transitions involved in the flavivirus life cycle.
